Introduction
Calcium signaling is a significant regulator of cell functions, and the endoplasmic reticulum (ER) plays a prominent role in the process (Burgoyne et al. 2015) . Membrane contact sites between the ER and the organelles, and between the ER and the plasma membrane, are now well established as general features of eukaryotic cells (Gallo et al. 2016 , Phillips & Voeltz 2016 . At these locations, the two adjacent membranes are separated by a gap of less than 30 nm (Gallo et al. 2016) and the sites are known to function in calcium exchange, as well as in lipid transfer (Gallo et al. 2016 , Phillips & Voeltz 2016 . They also are locations where regulatory complexes are assembled and intracellular signaling occurs (Prinz 2014) . In Sertoli cells, the distribution and relationships of the ER, the position of membrane contact sites and the location of calcium regulatory machinery indicate that ER-mediated calcium signaling may be of major significance during junction turnover related to spermatocyte translocation and sperm release in the seminiferous epithelium.
In cells generally, free calcium levels in the cytosol are much lower than that in extracellular fluid, and these levels are maintained by transporters in the plasma membrane and in the membranes of intracellular organelles that actively pump calcium out of the cytosol (Bootman 2012) . Both local and more global changes and oscillations in cytosolic calcium levels, resulting from the activation of channels in the plasma membrane and/ or intracellular membranes, are used by cells to activate effectors that drive a multitude of activities including cell proliferation, exocytosis, secretion, migration, differentiation, gene transcription and contraction (Bootman et al. 2001 , Berridge 2006 , Bootman 2012 . In sperm cells, changes in calcium levels are responsible for mediating events that occur during capacitation and the acrosome reaction (Breitbart 2002a ,b, Lucchesi et al. 2016 . Membrane contacts in cells are sites where calcium inflow through the plasma membrane can be coupled to calcium transfer into and out of organelles, and where calcium exchange between organelles can occur (Prinz 2014 , Phillips & Voeltz 2016 .
In Sertoli cells, much work has been carried out to identify ion channels and pumps in the plasma membrane (Gorczynska & Handelsman 1991 , D'Agostino et al. 1992 , Gorczynska et al. 1994 , Rossato et al. 1996 , Lalevee et al. 1997 , Taranta et al. 1997 , Lalevee & Joffre 1999 , Ko et al. 2003 , GorczynskaFjalling 2004 , Feng et al. 2006 , Lai et al. 2008 , Oliveira et al. 2009 , Rato et al. 2010 , Zanatta et al. 2011 , Lucas et al. 2012 . Most of this work has been carried out in primary cultures and in the context of determining how the cells regulate and produce seminiferous tubule fluid, maintain pH and initiate signaling cascades. Much less work has been carried out to localize ion channels and pumps in morphologically differentiated Sertoli cells in vivo and in the context of junction turnover, although a large number of other regulators and signaling pathways are known to impact the junctions (Cheng & Mruk 2015) . One ion pump that does appear specifically concentrated in the plasma membrane of Sertoli cells at apical and basal sites of intercellular attachment is Na+/K+ ATPase (Byers & Graham 1990 ). In addition, calcium ATPase has been localized to the Sertoli cell plasma membrane in the seminiferous epithelium (Feng et al. 2006) .
In the testis, seminiferous tubule fluid is isosmotic with blood (Rato et al. 2010) , but the two are very different in composition. One notable difference is that seminiferous tubule fluid has much higher levels of potassium than plasma (Tuck et al. 1970 , Clulow & Jones 2004 . Although seminiferous tubule fluid has lower levels of calcium than blood (Jenkins et al. 1980 , Clulow & Jones 2004 , it is still in the mM range and is much higher than cytosolic nM levels measured in cultured Sertoli cells (Gorczynska & Handelsman 1991 , D'Agostino et al. 1992 , Rossato et al. 1996 .
Morphologically differentiated Sertoli cells are generally columnar in shape and form the architectural Figure 1 ER associations and membrane contacts in rat Sertoli cells. (A) Shown here is a Sertoli cell and related spermatogenic cells at Stage VII in a 0.7-µm plastic section of seminiferous epithelium stained with toluidine blue. The Sertoli cell extends from base to apex of the epithelium. The nucleus is at the base of the cell and an apical process that surrounds a late spermatid is present at the luminal surface. Numerous TBCs are visible extending into the apical process from the concave face of the spermatid head. (B) Electron micrograph of an ES attached to part of a spermatid head. At these adhesion junctions, a layer of actin filaments separates the ER from the plasma membrane. units of the mature seminiferous epithelium (Fig. 1A) . They extend from the base to the apex of the epithelium, and the spermatogenic cells at different stages of development occur between and are attached to the Sertoli cells. As the spermatogenic cells differentiate, they move from the base to the apex of the epithelium where the head of each developing sperm cell becomes encapsulated and suspended at the luminal boundary of the seminiferous tubule by a projection of the Sertoli cell termed an 'apical process' (Fig. 1A) . When these spermatogenic cells (spermatids) are morphologically mature, they are released as a spermatozoan from the apical processes and enter the duct system of the male reproductive tract. The ER is a prominent element of the Sertoli cell and forms a structural component of intercellular junctions that attach Sertoli cells to each other and to spermatogenic cells in this system (Fawcett 1975) . In addition, the ER forms membrane contacts at various locations in the cell, including at endocytic structures termed tubulobulbar complexes (TBCs) that function in junction internalization or disassembly (Russell et al. 1988 , Guttman et al. 2004 . This specific pattern of ER distribution in Sertoli cells (Lyon et al. 2017) , together with the localization of calcium sensing and regulatory machinery in this organelle itself and at membrane contact sites, indicates that calcium may play important roles during junction remodeling.
In this review, we summarize what is known about the distribution of the ER in morphologically differentiated Sertoli cells in the seminiferous epithelium, with an emphasis on calcium regulation and a possible role in intercellular junction turnover.
ER at junctions
Cisternae of ER are a consistent feature of actin-related adhesion junctions known as ectoplasmic specializations (ESs). In fact, a cistern of ER together with an associated layer of actin filaments and the related region of the plasma membrane form a tripartite structural unit that characterizes these unique cell-specific junctions in morphologically differentiated Sertoli cells. At these sites, the actin filaments are bundled into para-crystalline arrays that form a layer separating the ER from the plasma membrane by a substantial gap (Fig. 1B) reported to be in the order of 50-100 nm depending on the study and species (Dym & Fawcett 1970 , Russell 1977b , Franke et al. 1978 , Furuya et al. 1978 , Lyon et al. 2017 .
ESs occur both at basal and at apical locations in the epithelium. At basal sites, they form part of a junction complex that also includes tight and gap junctions, and where they are intercalated with intermediate filamentrelated desmosomes or 'desmosome-like' junctions. Tight junctions within this complex contribute to the 'blood-testis barrier' (Dym & Fawcett 1970) . Turnover of these junction complexes is necessary for the next generation of spermatogenic cells to move from basal to adluminal compartments during each cycle of the epithelium. During this process, junctions disassemble above the translocating cells, while simultaneously new junctions assemble below (Russell 1977a , Smith & Braun 2012 . At apical sites, ESs form the major class of attachment to the haploid spermatogenic cells or spermatids. When spermatids are mature, these attachments are disassembled and the cells are released from the epithelium. At the same time, new junctions assemble with elongating early spermatids lower in the epithelium firmly anchoring these cells to the tissue.
Based on the presence of ER at the adhesion junctions, a role for calcium signaling in the regulation and turnover of ESs has long been suspected, but direct evidence for its involvement at the sites continues to be lacking. Means and coworkers speculated that the ER of these junctions may function to store calcium and that release of the cation may generate contraction of the associated actin layer (Means et al. 1980) . Using chemical precipitation techniques combined with electron microscopy, others have presented evidence that calcium is sequestered in the ER at the junction sites (Franchi & Camatini 1985b) . In addition, it has been reported that calcium chelation with EGTA results in an alteration of the arrangement of junction components within the plasma membrane when analyzed by freeze fracture, and that treatment with trifluoroperazine (an inhibitor of the calcium-binding protein calmodulin) results both in disorganization of the actin filament bundles in ESs and separation of the ER away from the junctions (Franchi & Camatini 1985a) . The absence of myosin 2 (MYH2) and the lack of contraction when exposed to appropriate buffer systems (Vogl & Soucy 1985) support the conclusion that any changes in local calcium levels that may occur at ESs likely induce structural changes in the actin bundles that do not involve contraction as earlier thought. One way in which this structural effect on the actin bundles of ESs has been suggested to be mediated by calcium is through a mechanism involving phosphoinositide-specific phospolipase C (PLCG1) and the inositol 1,4,5-trisphosphate (IP 3 ) pathway (Guttman et al. 2002) . In this pathway, PLCG1 cleaves phosphatidylinositol 4,5-bisphosphate (PIP 2 ) in the membrane releasing inositol 1,4,5-trisphosphate (IP 3 ) which then binds to the IP 3 receptor (IP 3 R; ITPR) in the ER resulting in the release of stored calcium (Bootman 2012 ) which then affects the activity of calciumdependent actin-binding proteins. However, and unlike predicted, IP 3 R does not appear concentrated at the sites (Lyon et al. 2017) , although PIP 2 and PLCγ are both present at ESs (Guttman et al. 2002) .
It is possible that microdomains of low calcium in the actin layer between the plasma membrane and the ER are created by the activity of 'sarco/endoplasmic reticulum Ca 2+ -ATPase 2' (SERCA2; ATP2A2) pumps in the ER of ESs and by calcium ATPase in the related plasma membrane. These microdomains of low calcium might act to stabilize the actin bundles in ESs. At specific locations and at specific times, calcium channels within the plasma membrane, or perhaps as yet unidentified channels in the ER, may become activated to elevate the level of calcium and initiate filament disassembly. One possibility is that IP 3 may directly activate T-type calcium channels in the plasma membrane (Lai et al. 2008) to focally elevate calcium levels at specific sites in the actin layer. Another is that focal areas of membrane depolarization could activate voltagedependent calcium channels in the plasma membrane. The presence of plastin 3 (PLS3), an actin-bundling protein that is directly regulated by calcium, in ESs may be significant in relation to changes in calcium levels (Li et al. 2015) . Elevations in calcium within the actin layer may lead to unbundling of the actin filaments and their eventual disassembly which, in turn, is somehow linked to the generation of TBCs and construction of their dendritic actin networks. The presence of annexin A2 (ANXA2), another calcium-dependent phospholipid and actin-binding protein at ESs, and at TBCs, may play a role in the conversion from ES-type actin organization to that of TBCs. Knockdown of annexin results in both impaired TBCs and incomplete sperm release, as well as a disruption of basal junction complexes (Chojnacka et al. 2017) . In addition to a direct effect on Figure 4 At the base of the cell, the ER is continuous with the nuclear envelope at numerous locations, one of which is illustrated here (asterisk).
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ER/plasma membrane contacts
There are at least two locations in Sertoli cells that are sites of contact between the ER and the plasma membrane, and calcium regulatory machinery has been localized to both. One of these sites is in association with the margins of apical Sertoli cell processes that each surrounds the head of a late spermatid and its related cluster of TBCs, and the other is in association with the bulbs of TBCs themselves. At the margins of apical processes, cisternae of ER occur adjacent to the plasma membrane. In rat Sertoli cells at Stage VII of spermatogenesis, concentric sheets of fenestrated ER occur at the periphery of each apical process (Clermont et al. 1980) . The outermost cistern of ER is swollen and forms close contacts with the plasma membrane (Fig. 1C) (Muik et al. 2008 , Park et al. 2009 ). This interaction results in the clustering of ORAI1 to form channels that allow calcium entry into the cell (Prakriya et al. 2006) . This influx of calcium into the cytosol can then be sequestered into ER stores by pumps such as 
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At TBCs, cisternae of ER associate directly with regions of the structures that ultimately are 'endocytosed'. TBCs are clathrin-dependent subcellular structures that internalize intercellular junctions (Vogl et al. 2014) and that are unique to Sertoli cells. They develop at apical junctions between Sertoli cells and late spermatids and at basal junction complexes between neighboring Sertoli cells (Russell & Clermont 1976) . Classically, each complex is described as having a long proximal tubule, a swollen or 'bulb' region, a small distal tubule and a terminal coated pit (Russell & Clermont 1976) (Fig. 1D  and E) . In each apical process of the rat seminiferous epithelium, a cluster of as many as 24 complexes develop in association with the concave face of the hook-shaped spermatid head (Fig. 1A) . One of a number of unique features of TBCs is that they consist of the plasma membranes of the two attached cells -in other words, their core is formed by two plasma membranes which remain attached. The tubular region of the double membrane core is cuffed by a dendritic actin network (Vaid et al. 2007 , Young et al. 2009 ) that in turn has an outer shell containing plectin (PLEC) and spectrin (SPTAN) (de Asis et al. 2013) . As TBCs form, they resemble clathrin-coated pits with extremely long necks, reaching as long as 1-2 µm in most eutherian mammals (Russell & Malone 1980) . When fully formed, and near the end of each complex, the tubular region swells into a 'bulb', which then expands proximally and eventually undergoes scission to be internalized by the Sertoli cell (Lyon et al. 2015) . The bulb does not have a cuff of actin filaments, but is encapsulated by a cistern of ER. The ER and Sertoli cell plasma membrane are separated by a gap of around 12 nm (Lyon et al. 2017) which is well within the range of an ER-plasma membrane contact or junction (Fig. 1F) .
New data from immunolocalization studies of apically located TBCs indicate that IP 3 R is concentrated in the ER at the sites (Lyon et al. 2017 ). Also present is at least one 'transient receptor potential channel' (TRPM6) in the plasma membrane at the sites. Transient receptor potential (TRP) channels are part of a large family of proteins that are variably permeable to many ions including calcium (Clapham et al. 2001) . Many TRP channels have been localized to the heads of spermatozoa where they are predicted to be involved in the acrosomal reaction as well as other yet-to-beidentified functions (Darszon et al. 2012) . Others have used RT-PCR to detect mRNA of the various TRP channels in rat testis and then localized the upregulated TRPs to spermatogenic cells generally using immunohistochemistry (Li et al. 2010) . However, TRPM6 is the only TRP channel to have been immunolocalized directly to a specific compartment of Sertoli cells (i.e. TBC bulbs). TRPM6 belongs to the melastatin-related subfamily (TRPM), which contains channels that are highly permeable to divalent cations such as calcium and magnesium. The various TRPM channels may be activated, for example, by mechanisms such as binding by calcium and lipid compounds or by membrane voltage changes (Kraft & Harteneck 2005) . Along with IP 3 R (ITPR) and TRPM6, the Homer 1 (HOMER1) scaffolding protein is also present at TBC-ER contacts. Homer1 is known to be a crucial scaffolding protein between IP 3 R (ITPR) and other TRP receptors (Yuan et al. 2003) . Homer1 therefore may link TRP channels such as TRPM6 to IP 3 R in the ER at these sites. The exact function of membrane contact sites at the bulbs of TBCs has yet to be clarified; however, ER membrane contact sites are known to form with elements of the endosomal pathway in cells generally where they have been implicated both in calcium crosstalk between the organelles, and in lipid transport (Burgoyne et al. 2015 , Phillips & Voeltz 2016 . At TBC bulbs, any calcium fluxes that occur could affect the cytoskeletal networks in tubular regions adjacent to the bulb, or impact the bulb itself which is destined to be internalized by the Sertoli cell and become a large 'endosome'.
The internalization of intercellular junctions by TBCs is unique to the seminiferous epithelium and close contacts between the ER and the bulbs of the structures are a characteristic feature. Collectively, the large numbers of TBCs that form at the apex of the epithelium preceding sperm release are truly remarkable (Fig. 2) .
ER/mitochondrion contacts
One area that has received little attention in Sertoli cells is the relationship between the ER and the mitochondria. In cells generally, mitochondria are known to store significant amounts of calcium and to participate in maintaining calcium homeostasis in the cytosol (Alonso et al. 2006) . In fact, mitochondria are thought to buffer increased calcium levels generated from the plasma membrane and other organelles, and to modulate calcium microdomains in the cytoplasm (Alonso et al. 2006) . Membrane contacts between the ER and the mitochondria are sites of calcium exchange and lipid transfer between the two organelles (Prinz 2014 , Giacomello & Pellegrini 2016 . Contact sites also are involved with mitochondrial division (Friedman et al. 2011) , and with initiating apoptosis (Prudent & McBride 2017) . In addition, changes in calcium levels within mitochondria can modulate energy production by the organelles, which is particularly important during the early phases of ER stress (Bravo et al. 2011) .
In Sertoli cells, extensive regions of close contact between these two organelles consistently are observed, particularly near the base of the cells (Fig. 3A) . As at other ER membrane contact sites, the gap between the two opposing membranes is narrow, approximately 7-8 nm (Fig. 3B) , and filamentous connections span the gap (Fig. 3C) . Interestingly, the ER at the base of the cells tends to be mainly rough ER. As cisternae approach the mitochondria and form contact sites, ribosomes become absent from the membrane facing the junction, whereas they often still occur on the outer or cytoplasmic membrane of the ER. Currently, nothing is known about
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The ER in Sertoli cells is a continuous network
Based mainly on ultrastructural studies presented below and elsewhere (Clermont et al. 1980) , and data from immunofluorescence studies, particularly of SERCA2 (ATP2A2) pumps (Lyon et al. 2017) , the ER in Sertoli cells forms a network throughout the Sertoli cell. The ER is continuous with the nuclear envelope at the base of the cell (Fig. 4) , and extends peripherally to become a component of ESs where it is separated from the plasma membrane by a layer of hexagonally packed actin filaments ( Fig. 5A and B) . Interestingly, the ER of those ESs associated with elongate spermatids at Stage V in the rat can be seen to be continuous with those at basal ESs in favorable sections (Fig. 5C ) particularly when viewed in tomograms ( Fig. 5D and E). In apical processes, the ER of ESs associated with late spermatid heads is continuous with that around the periphery of the processes and with that related to the bulbs of TBCs (Clermont et al. 1980) (Fig. 6A and B) . The ER of the bulbs is continuous between bulbs and with cisternae around the periphery of the apical processes ( Fig. 6C  and D) . The ER forms close contacts or 'junctions' with the bulbs of TBCs, with the plasma membrane elsewhere at the periphery of the cell, and with mitochondria. The morphology of the system and the distribution of specific protein components indicate that although the ER is continuous throughout the cell, it has a number of distinct structural, and probably functional, domains (Fig. 7) . Because intercellular junctions and other features of the Sertoli cell are cyclically remodeled during spermatogenesis, these domains must, by necessity, be very fluid and dynamic. We suspect that calcium may be loaded into the ER at peripheral contacts with the plasma membrane, as well as at ER throughout the cell, and that oscillations and/or transfer of the cation may occur at ESs and TBCs. At junctions, any changes in calcium levels that may occur likely impact the cytoskeleton. The function of any calcium fluxes at the bulbs of TBCs is unclear. ER-mitochondria contacts in Sertoli cells have not been studied, and their changes during spermatogenesis and their functions in this system are also unknown.
Conclusion and future work
The presence of cisternae of ER as structural components of intercellular junctions in Sertoli cells, the close contact of cisternae with structures known to be involved with junction internalization in the epithelium and the presence of calcium regulatory machinery at both these locations, as well as more generally in the ER, all point to the probable importance of calcium signaling to junction turnover in this system.
In the future, it will be necessary to accurately catalog all pumps and channels at the sites and to determine if transient changes in calcium levels actually do occur in relation to specific subdomains of the ER in the Sertoli cell. It then will be essential to relate any fluctuations in calcium levels to corresponding morphological changes. Adapting fluorescent protein calcium sensor technology to the seminiferous epithelium to track local transient calcium changes during live cell imaging with two-photon excitation microscopy will be important to determine if calcium fluxes occur. Coupling this approach with electron microscopic and immunofluorescence studies to correlate these fluxes with morphological changes will be important to determine the function of the fluxes. Knockdown of the calcium regulatory machinery in the testis and evaluating the phenotypes will be another productive approach to determining function. In addition to studies related to calcium exchange, it would be interesting to determine if lipid transfer also occurs at ER membrane contact sites, particularly those at TBCs. Ultimately, these sorts of studies will clarify the role of the ER in Sertoli cell-mediated events that occur during spermatogenesis, in particular the role of the ER in junction remodeling as it relates to sperm release and the translocation of spermatocytes through the 'bloodtestis' barrier.
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